| INTRODUCTION
Microtubule-based transport inside the cell requires precise regulation. Motor proteins carry and transport cargo within the cell by processes that are intricately synchronized. Loading and unloading of specific cargo at their proper destinations and the right time involve a large number of adaptor proteins and regulatory molecules.
Microtubule-based transport is vital for neuronal survival and function, both during development and in the adult brain.
Microtubule-based mechanisms have important roles in determining neuronal polarity and axonal outgrowth. [1] [2] [3] Stable microtubules act as specific tracts for the trafficking of signaling factors, neurotransmitter bearing vesicles and organelles-like mitochondria and endosomes. Impaired neuronal transport can be caused by disruption of the microtubule tracts, by changes in the processivity or activation of motor proteins, or by alterations in the binding of cargo to motor proteins. [4] [5] [6] Defects in microtubule-based transport are often a characteristic of neurodegenerative diseases. For example, mutations in the kinesin motor protein KIF5A have been linked to dominant forms of the hereditary spastic paraplegia (HSP) and Charcot-Marie-Tooth disease type 2 (CMT2) in humans. [7] [8] [9] Further, mutations in dynein and its accessory proteins dynactin and Lis1 have been associated to amytrophic lateral sclerosis (ALS)-like motor neuron degeneration and Perry syndrome. [10] [11] [12] Tubulin mutations have also been characterized in neurological disorders like ocular motility disorder, and congenital fibrosis of the extraocular muscles type 3 (CFEOM3). 13, 14 Post-translational modifications like phosphorylation and ubiquitination have been shown to modulate transport of organelles by motor proteins. For example, the E3 ligase PARKIN ubiquitinates the adaptor protein Miro; this in turn anchors kinesin to mitochondria.
Degradation of Miro prevents mitochondrial movement that may help to quarantine damaged mitochondria for clearance. This requires Serine at amino acid residue 65 of PARKIN and phosphorylation by PINK1. 15 The human E3 ligase SIAH-1 has been shown to regulate the levels of kinesin, Kid in a cell cycle-dependent manner. 16 The Caenorhabditis elegans kinesin-3 motor UNC-104/KIF1A gets ubiquitinated and degraded at synapses after transporting synaptic vesicles to synapses. 17 Ub. 19 Recent reports show that non-degradative ubiquitination regulates localized actin assembly and protein trafficking. MAGE-L2-TRIM27 E3 ubiquitin ligase promotes K63-linked ubiquitination of WASH, a member of the WASP family of actin nucleation-promoting factors. Ubiquitination of WASH recruits the Arp2/3 complex and facilitates F-actin nucleation on endosomes. 20 Also, noncanonical K33-linked ubiquitination of coronin7 by Cul3-KLHL20 E3 ubiquitin ligase regulates protein anterograde transport from the trans-Golgi network (TGN) by facilitating localized actin assembly at the TGN. 21 Therefore movement of protein cargo by the endocytic pathway as well as movement of large organelles on microtubule or actin tracks is regulated by movement of protein cargo by the endocytic pathway as well as movement of large organelles on microtubule or actin tracks is regulated by ubiquitin.
Mahogunin Ring Finger1 (MGRN1) is a cytosolic E3 ligase which affects several aspects of cellular function. Studies on MGRN1 knockout mice show that lack of functional protein results in increased mortality and developmental defects (like congenital heart defects, abnormal craniofacial patterning and mis-patterning of the left-right
[LR] body axis) is also prevalent. 22 A small proportion of null mutant mice have situs inversus (complete reversal of the LR body axis). There is late-onset spongiform neurodegeneration in about 50% animals.
Various brain regions including the cerebral cortex, hippocampus, thalamus, brain stem, caudate putamen and cerebellum granule layer show vacuolation associated with neuronal loss. 23 At the molecular level, MGRN1 has been shown to interact with mislocalised forms of cytosolic prion protein (PrP). 24 Mammalian PrP is a highly conserved~35KDa, cell surface glycoprotein having a Cterminal glycosylphosphatidylinositol (GPI) linkage. Mutations in PrP are implicated in various neurodegenerative diseases including scrapie, bovine spongiform encephalopathy (BSE), Creutzfeldt-Jakob disease (CJD) and Gerstmann-Straussler-Scheinker disease (GSS). 25, 26 Some naturally occurring human mutations like A117V in PrP, associated with familial prion disease, results in increased generation of an isoform of the protein that has its N-terminus exposed to the cytosol. 27, 28 
| Movement of early endosomes and EGF uptake by Rab 5 positive endosomes is altered on MGRN1 depletion
Endosomal movement is also chiefly dependent on microtubule-based Lysates made from cells after imaging were immunoblotted using MGRN1 antibody to check for MGRN1 expression levels. B, HeLa cells were co-transfected with wtPrP or its mutants, and EB1-GFP 24 hours after transfection, cells were imaged similar to A. Scale bar 5 μm. Lysates made from cells after imaging were immunoblotted using PrP antibody to check for PrP expression levels. C, Number of EB1 comets per unit area from images in A and B was counted in ImageJ from 5 μm 2 ROIs chosen within 5 μm of the cell membrane. Data represents 300 EB1 comets taken from 30 cells per taken from 3 independent experiments. ***P < .001. D, Length of EB1 comets represented in A and B has been quantified using ImageJ and plotted; data represents 300 EB1 comets taken from 30 cells per experiment taken from 3 independent experiments. ***P < .001, **P < .01. E, Speed of EB1 comets shown in A and B has been calculated using ImageJ. Data represents 300 EB1 comets taken from 30 cells per experiment taken from 3 independent experiments; ***P < .001. F, MGRN1 and MGRN1ΔR expressing cells were immunostained using antibodies against acetylated tubulin and MGRN1. Cells were imaged and intensities quantified. G, Similar cells as in F were lysed and immunoblotted for acetylated tubulin. Level of acetylation is lower in MGRN1ΔR transfected cells. MGRN1 depletion does not affect total α-tubulin levels axons. 44 Hyperdynamic microtubules noted in ALS occur also cause impairment of axonal transport. 45 These studies show that loss of healthy microtubule dynamics leads to transport defects, in several neurodegenerative diseases.
5,46
Ubiquitination of motor proteins and adaptors also regulate transport of cargo. 5, 16, 47 These mechanisms are necessary to finetune the mode of cargo transport depending on external cues like other signaling cascades and may render specificity to this process. In All tissue culture plasticware and Lab-Tek 8-well-chambered slides used for microscopy were from Nunc, Rosklide, Denmark, and bottom coverglass dishes used for microscopy were from SPL Lifesciences, Gyeonggi-do, Korea.
For synchronization of HeLa cells, thymidine-nocodazole synchronization method was followed. Briefly, cells were subjected to 5 mM thymidine (Sigma-Aldrich) treatment for 16-18 hours followed by a release of 8 hours. This was followed by a nocodazole (SigmaAldrich) block using 100 ng/mL nocodazole for 16 hours. The cells, now blocked at Gap2-mitosis (G2-M), were then allowed to enter mitosis for 60 min and then fixed, immunostained and imaged by confocal microscopy.
For immunocytochemistry, cells were fixed with either 10%
formaldehyde or methanol as per the requirement of the antibody.
Cells were permeabilized using 10%FBS/phosphate buffer saline (PBS)/0.1% saponin (Sigma-Aldrich) for 60 minutes, followed by overnight staining in primary antibody at 4 C and 60 minutes of incubation in secondary antibody at room temperature. The samples were then imaged using confocal microscope. Actin filaments were visualized with Alexa568-labeled Phalloidin (#A-12380; ThermoFischer 
| Brain lysates from mice
Transgenic mice expressing HuPrP(A117V) have been generated and characterized previously. Cells were maintained in RA containing media for 72 hours. Long neuronal processes were observed after RA treatment. These differentiated cells were then imaged to track mitochondrial movement.
| Western blotting and immunoprecipitation
The protocol for western blotting was as before. 24 Briefly, 10% tris tricine gels were run, transferred by wet electrophoretic transfer method for 1 hour at 100 V. For immunoprecipitation, the protocol was as described previously. 31 Briefly, at 24 hours after transfection, cells were lysed in lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% Triton-X, 1% IGEPAL, 1 mM PMSF, protease inhibitor [SigmaAldrich]) and then immunoprecipitated using the standard protocol.
| Separation of tubulin into polymerized and unpolymerized fractions
Whole-cell lysates were taken from 60 mm culture dishes with 300 μL of lysis buffer (50 mM HEPES, pH 7.4, 150 mM NaCl, 1%
NP-40, 0.5% sodium deoxycholate, 0.1% SDS) at 4 C for 20 minutes.
Soluble and insoluble fractions of cell lysates were separated by ultracentrifugation at 200 000g for 1 h. The soluble fraction (S) and insoluble fraction (P) were collected, and the pellet was resuspended in
Laemelli buffer (1/10 volume of initial lysis buffer used). Equal volumes of supernatant and pellet fractions were then loaded for sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), followed with analysis by western blotting.
| In vivo ubiquitination assays
In vivo ubiquitination assays were performed as described previously. 34 
| Image analyses and statistics
Images were analyzed using 3D reconstruction plugins in ImageJ.
Tubulin-mcherry-labeled microtubules and early endosomes labeled For mitochondrial movement kymographs were drawn using the "Multiple Kymograph" plugin. Speed of mitochondria in both anterograde and retrograde direction was calculated from the kymographs.
Average speed of 120 mitochondria from 30 cells taken from 3 experiments was calculated. This was repeated for 3 independent experiments for quantitative analyses.
Length of EB1 comets was calculated from single slices using ImageJ. Comets within 5uM from cell periphery were used in the analyses. EB1 comets speed was measured as before. 39 Images from 25 consecutive slices were merged to measure length of comets and this was divided by the time interval (=5 s) to get the speed. For each experiment, 300 EB1 comets were analyzed from 30 cells taken from 3 independent experiments. Number of EB1 puncta per cell was counted from single frames manually and normalized per cell area.
Graphs have been plotted by exporting data of ImageJ to MS Excel. Error bars represent standard error and 2-tailed type 3 Students t-test has been used for calculating statistical significance of experiments. Boxplots have been generated using BoxplotR.
| EGFR endocytic trafficking assay
HeLa cells co-transfected with Rab5-mcherry and MGRN1/PrP were cultured in serum free medium for 4 hours followed by washing with cold PBS. Loading of EGF was done as before. 33 
